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ABSTRACT

Evans, Rachel Elizabeth. M.S.M.E., Department of Mechanical and Materials
Engineering, Wright State University, 2020. Thermal Modeling of Coordinated MultiBeam Additive Manufacturing.

In additive manufacturing (AM), it is necessary to know the influence of processing
parameters in order to have better control over the microstructure and mechanical
performance of the part. Laser powder bed fusion (LPBF) is a metal AM process in which
thin layers of powdered material are selectively melted to create a three-dimensional
structure. This manufacturing process is beneficial for many reasons; however, it is limited
by the thermal solidification conditions achievable in the available processing parameter
ranges for single-beam processing methods. Therefore, this work investigates the effect of
multiple, coordinated heat sources, which are used to strategically modify the melting and
solidifying in the AM process. The addition of multiple heat sources has the potential to
provide better control of the thermal conditions, thus providing better control of the
microstructure of the additively manufactured parts. To model this, existing thermal
models of the LPBF process have been modified to predict the thermal effects of multiple
coordinated laser beams. These computational models are used to calculate melt pool
dimensions and thermal conditions throughout the LPBF process. Furthermore, the results
of the simulations are used to determine the influence of the distance between the
coordinated laser beams. The predictive method used in this research provides insight into

iii

the effects of using multiple coordinated beams in LPBF, which is a necessary step in
increasing the capabilities of the AM process.
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1 Introduction
1.1 Overview
As additive manufacturing (AM) grows in popularity, it is becoming increasingly
important to improve the quality of parts that are created with this manufacturing
technique. Although the use of AM can be advantageous for many reasons, it can also cause
adverse effects if the processing-structure-properties-performance (PSPP) relationships are
not well understood. AM is known to cause undesirable features that can be detrimental to
the part’s performance, such as process-induced defects and microstructural variations.
Oftentimes, these unwanted features are caused by the scan strategy and processing
parameters used to build the part. As a result, it is very important to have a concrete
understanding of the PSPP relationships in AM to improve the overall quality of the AM
process.
Laser powder bed fusion (LPBF) is a metal AM process in which a layer of powder
material is selectively melted by a laser beam. This results in a liquefied pool of metal,
which then cools to a solid state. This melting and cooling procedure is repeated multiple
times to create layers that form a full part. This process is beneficial because it allows for
complex parts to be created with a high resolution. However, the heat transfer in LPBF is
not fully understood, thus needing more research. The LPBF process is limited by the
thermal solidification conditions achievable in the available processing parameter ranges
for single-beam processing methods. Therefore, the next research question leads toward
1

the potential to coordinate multiple heat source locations to strategically modify the
melting and solidifying in the AM process. This thesis project modifies existing thermal
models of the LPBF process to predict the effects of adding multiple laser beams. The
prediction method used here is needed to guide an increase in the efficiency and
effectiveness of the AM process.

1.2 Motivation
The LPBF process is utilized to manufacture small, customized parts with high
resolution and fine details. However, the products that result from this process are prone to
defects and microstructural variations that can adversely affect the mechanical
performance of the part. As a result, more research needs to be conducted to increase the
efficiency and reliability of the LPBF process. The goal of this research project is to
accurately model the thermal behavior of multi-beam LPBF through use of computer
simulations. Moreover, this project aims to utilize these computer simulations to predict
the defects and microstructural differences in the LPBF process due to the addition of a
second heat source.

1.3 Literature Review
1.3.1 Additive Manufacturing
1.3.1.1 Overview
Additive manufacturing (AM), commonly referred to as three-dimensional (3D)
printing, is a fabrication technique that is used to create structures in a layer-by-layer
fashion. There are many advantages in using AM processes to create design components.
The layer-by-layer technique of production makes AM especially suitable for creating
2

customized components with complex geometries that are difficult to produce with
traditional manufacturing methods. As a result, AM has found many uses in automotive,
aerospace, and biomedical applications that require custom-made structures and complex
features. Compared to traditional subtractive methods of manufacturing, the use of AM
also results in a decreased amount of wasted material. This is because AM processes enable
a more efficient use of material by creating near-net shapes, and leftover material can often
be reused [1]. In addition, AM processes allow for batch production and part consolidation,
which can make the fabrication process quicker than traditional manufacturing techniques.
The AM process begins with a computer-aided design (CAD) model, which is then
broken up into a series of triangular faces by converting it to a stereolithography (STL) file
[2]. Using computer software, the STL file is sliced into thin layers, which are then sent to
the printer. A representation of this model progression is shown in Figure 1.1. After the
part is printed, the part can then be removed from the printer and post-processed with
methods such as machining, surface finishing, and heat treatment [3].

Figure 1.1: The model progression of parts designed for AM.

1.3.1.2 AM Processes
There are seven standard classes of AM, which each use their own techniques to
bond materials together to form individual layers that create a part [4]. These seven classes
3

are: material extrusion, material jetting, binder jetting, sheet lamination, vat
photopolymerization, powder bed fusion, and directed energy deposition [5, 6, 7]. A wide
range of materials can be used in these AM processes, which include various types of
polymers, metals, and ceramics.
Material extrusion is an AM process in which layers are created by pushing a semiliquid material through a nozzle. The most common material extrusion technology is
known as fused deposition modeling, or FDM [8]. As shown in Figure 1.2, a heated nozzle
moves on a horizontal plane to distribute layers of material, which are generally between
0.05 and 0.25 mm tall [9, 10]. After each layer is deposited, either the build plate or the
extruder shifts vertically to allow space for the next layer of material. As these layers cool
down, they solidify and bond to one another. The extrusion process is then repeated many
times to create layers that form the three-dimensional structure. The materials used in
material extrusion generally come in spools of filament, which are typically 1.5 to 3 mm
in diameter [8]. Material extrusion is most commonly used with thermoplastics or
thermoplastic-composite materials, but it has also found uses in other applications such as
ceramic, clay, concrete, and food printing [11, 12, 13]. The size of the nozzle prohibits
material extrusion from creating ultra-fine features, and parts created with this method are
known to have highly anisotropic properties [14, 15].

4

Figure 1.2: The material extrusion AM process [16].
Material jetting is an AM process that uses a liquid photopolymer and an ultraviolet
light source for solidification. In this process, which is shown in Figure 1.3, one or more
print heads act similarly to two-dimensional printers, using a drop-on-demand technique
to selectively dispense small droplets of build material, which can be as small as
approximately 12.5 μm in diameter [17]. Because the materials used in this process must
be capable of forming satisfactory droplets, the material jetting process is limited to
photopolymers and wax-like materials [7, 18]. The material jetting process is advantageous
due to its ability to combine multiple materials and colors in a single build, while being
very accurate and providing a good surface finish due to the small droplet size [7].

5

Figure 1.3: The material jetting process [7].
Binder jetting is another AM process that utilizes a liquid bonding agent to fuse
together powdered materials. As shown in Figure 1.4, this process uses a roller to spread a
thin layer of powder across the build chamber. Then, an inkjet print head utilizes a dropon-demand technique to deposit droplets of liquid bonding agent (approximately 80 μm in
diameter) that fuse the powdered particles together [19]. The part is then lowered, and the
process is repeated to form the remaining layers of the part. This process has been used to
create components with sand, plaster-based powders, metals, and sugar [20, 21, 22, 23].
After the part is printed, it can be strengthened by infiltrating the printed piece with another
material [19]. The part can also be sintered to further increase the strength and density of
the part. With this combination of printing, infiltrating, and sintering, binder jetting is able
to produce parts with greater than 99% density [19, 24].
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Figure 1.4: The binder jetting AM process [25].
Sheet lamination uses thin (approximately 70-200 μm) sheets of material, which are
bonded together to form a three-dimensional structure [20]. In this process, as depicted in
Figure 1.5, two-dimensional profiles are cut from each sheet, which are then added together
to form the structure. This process can be achieved using plywood-like paper with an
adhesive coating, or it can use metal foil with either thermal bonding or an ultrasonic
welding process [20, 26]. The sheet lamination process is only required to cut an outline of
a layer rather than scanning the entire geometry. As a result, sheet lamination tends to
produce components relatively quickly. Additionally, sheet lamination is advantageous due
to its ability to use varying materials on different layers and its potential to add prefabricated components in between the sheets of material [27].
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Figure 1.5: Sheet lamination using resistance slip-welding technology [28].
Vat photopolymerization is another AM process that utilizes a vat of liquid
photopolymer and ultraviolet (UV) light. During this process, a vat of light-activated resin
is subjected to a UV light to solidify a thin layer of material. The part is then shifted
vertically, and the process is repeated to create the remaining layers that form a full part
[29]. A representation of vat photopolymerization is shown in Figure 1.6. The most
common vat photopolymerization technology is known as stereolithography, which is
widely known to be the first commercial AM process [7, 29]. Depending on the printer
being used, this process can build parts bottom-up or top-down [30]. Vat
photopolymerization is limited to photopolymer materials only; however, this AM process
has the ability to create high quality components with fine resolution and smooth surfaces
[7].
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Figure 1.6: The vat photopolymerization process [7].
The powder bed fusion process is one of the four standard AM classes that can be
used to fabricate metal structures [5]. In this process, powdered material is spread into a
thin layer, which are approximately 20 to 50 μm thick. Then, a heat source, either in the
form of an electron beam or a laser, is used to selectively melt this powdered material to
create a layer of the component, which then solidifies as it cools. The build plate is then
lowered, and the spreading and melting process is repeated for a new layer. This process is
repeated many times until the part is fully complete [7]. Powder bed fusion is advantageous
because of its ability to achieve high resolution and create fine features.

9

Figure 1.7: The powder bed fusion process [31]
Directed energy deposition uses thermal energy to fuse materials as they are being
deposited. In this process, which is shown in Figure 1.8, either an electron or laser beam
melts material as it is being deposited on the build platform. Directed energy deposition
uses materials in either wire or powder form [32]. It is possible for directed energy
deposition to manufacture parts with polymers and ceramics; however, it is typically used
with metal materials [33]. The directed energy deposition process is advantageous due to
its ability to repair parts and create functional components with high quality.

10

Figure 1.8: The directed energy deposition AM process [32].

1.3.2 Modeling Approaches
Modeling of the LPBF process is a helpful tool in determining the influences of the
scan strategy and processing parameters without the added expense of physical
experiments. However, accurate modeling is challenging due to the multi-physics nature
of the LPBF process. As a result, many models of LPBF are on scales that generally fall
into three categories: powder scale, melt pool scale, and part scale.

1.3.2.1 Powder Scale
Models at the powder scale increase the understanding of the interaction between the
laser beam and powder particles [34]. These simulations generally utilize thermal and
hydrodynamic models, which allows for the analysis of melt pool dynamics, surface finish,
and part density in LPBF [34, 35]. Powder scale modeling is useful because it often has the
capability to capture effects such as vaporization, surface tension, and spattering [36].
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1.3.2.2 Melt Pool Scale
Melt pool scale models are used to predict the effects of the scanning process at the
scale of the melt pool. Many of these models utilize finite element techniques to predict
the heat transfer of the LPBF process, which have the capabilities to include transient
effects and the influences of temperature-dependent properties [37, 38, 39, 40]. However,
these models are computationally expensive. As a result, other researchers have used melt
pool scale models that utilize analytical heat transfer solutions to determine temperature
data and thermal conditions, which are generally quicker to use while maintaining
reasonable accuracy [41, 42, 43]. Overall, these models on the melt pool scale have proven
to provide reasonably accurate thermal results. Consequently, this thesis utilizes models on
the scale of the melt pool to investigate the thermal behavior of both single-beam and multibeam LPBF.

1.3.2.3 Part Scale
Simulations on the part scale are often used to predict quantities that are related to
the part as a whole [34]. The quantities under consideration may vary, but they are often
related to residual stresses and distortions due to the thermal fluctuations in the part [44,
45]. As a result, these part-scale simulations are important in understanding the physical
aspects of the LPBF process that cause failure during the build.

1.4 Contributions
The contributions of this thesis are as follows:
1. Investigates the transient effects of scan strategy and processing parameters
in single-beam LPBF
12

2. Modifies both an analytical and semi-analytical heat transfer solution to
model the effects of coordinated multi-beam LPBF
3. Compares the melt pool geometry and microstructure predictions of the
multi-beam analytical and semi-analytical models for different arrangements
and distances between the beams
4. Examines the influences of preheating vs. post-heating in multi-beam LPBF
on melt pool geometry and microstructure

13

2 Background
2.1 Laser Powder Bed Fusion
The laser powder bed fusion (LPBF) process allows for easy customization of parts
with high resolution and small feature sizes. However, components that are made via LPBF
often contain undesirable features such as residual stresses, surface defects, porosity, and
microstructural inhomogeneities [46]. In most cases, the presence of these features
drastically reduces the mechanical performance of the part. Therefore, understanding the
causes of these features will allow for better control of these defects, which provides the
potential to improve the overall quality and efficiency of the LPBF process.
Porosity is the term that is used to describe voids within a part. These voids can be
caused by a variety of factors, ranging from the equipment and feedstock to the parameters
used in the build process. Depending on the processing parameters used, different types of
pores can form throughout the material [47, 48]. The general relationships between the
primary processing parameters and porosity types are shown in Figure 2.1. Lack-of-fusion
porosity occurs when a section of the material does not reach the melting temperature. This
type of defect appears when the melt pool overlap is not large enough to properly fuse the
material [49]. Conversely, keyhole-induced porosity occurs when the amount of energy
applied is too large, resulting in pores that occur beneath the powder bed [50]. Balling
occurs when layers are melted into large, spherical fragmentations rather than flat layers,
thus causing discontinuities in the final structure [51, 52, 53]. Another common type of
14

porosity is known as gas porosity, which is a result of gas entrapment inside the material
that is unable to be released during the build process [54].

Figure 2.1: Porosity types due to variations in processing parameters [47].
Microstructural inhomogeneities are also of interest in the LPBF process. These nonuniformities include a variety of microstructural aspects; however, this thesis is mainly
concerned with variations in the grain size and morphology due to changes in the thermal
behavior of the process. Variations in both grain size and morphology are known to have
a strong influence on the mechanical performance of the final structure [55]. As a result,
the thermal behavior of the LPBF process is important to understand in predicting the
influence of the microstructure on the mechanical performance in the LPBF process.
Throughout the LPBF process, a laser melts a layer of material, which solidifies as it
cools. The liquefied pool of material is known as the melt pool. In this thesis, melt pool
length refers to the size of the melt pool in the horizontal scanning direction and melt pool

15

depth refers to the maximum vertical distance of the melt pool. A depiction of a melt pool
is shown in Figure 2.2, with the length and depth highlighted.

Figure 2.2: Melt pool dimensions for single beam LPBF.

2.1.1 Multi-Beam Laser Powder Bed Fusion
In many cases, multi-beam LPBF processes are used to create parts in a parallel
fashion, where multiple laser beams are used to independently create separate parts with
increased productivity [56, 57]. However, not much research has been conducted to
investigate the effects of multi-beam LPBF with coordinated heat sources, which has the
potential to offer better control of the thermal conditions, microstructure, and mechanical
performance of the part. In the coordinated multi-beam LPBF process, multiple laser beams
are used on the same scan field at a specified offset distance apart. As a result, the melt
pool seen in coordinated multi-beam LPBF consists of two melted regions. The length and
depth of this double melt pool is strongly influenced by the distance between the heat
sources; as the lasers are spread further apart, the heated areas will have less of an influence
on each other. Eventually, this will cause discrete melt pools with lengths and depths that
approach the same results as a single laser beam. When the lasers are close together,
however, the melt pool looks similar to the one shown in Figure 2.3, where the two melted
regions overlap to form a single melt pool.
16

Figure 2.3: Melt pool dimensions for multi-beam LPBF.
Although there is not much existing research that studies coordinated multi-beam
LPBF, few researchers have proved that the addition of a second laser beam has great
potential to improve different aspects of the LPBF process. For example, Heeling et al.
used a computational modeling approach to investigate the effects of various coordinated
multi-beam scan strategies. The resulting simulations show that the addition of a second
laser beam, whether the offset is in-line or perpendicular to the scan direction, decreases
both the thermal gradients and residual stresses in the part [58]. In another work by Heeling
et al., a multi-beam LPBF process is used with a second, larger laser beam located at a
specified offset distance in-line with the scan direction. In this case, the experiments show
that multi-beam scan strategies result in smoother surfaces and more dense parts [59]. Abe
et al. used a multi-beam system to create test specimens, which were shown to improve the
ductility, residual stresses, hardness, and bending strength as compared to specimens
manufactured with single-beam LPBF [60]. Aggarangsi et al. used a thermomechanical
model to study the effects of using a localized preheating strategy in powder bed fusion of
thin wall geometries. As a result, the preheating effects were shown to significantly
influence the temperature distribution and thermal gradients, causing a decrease in residual
stresses [61]. Overall, coordinated multi-beam LPBF has the capability to offer many
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advantages as opposed to single-beam LPBF. However, there is more research that needs
to be done to explore the effectiveness of this process.

2.2 Rosenthal Heat Transfer Solution
The Rosenthal solution [62] is a 3-D linear solution to the heat equation for a point
heat source traveling at a constant speed, as shown in Figure 2.4. In this geometry, the
dimensions L, b, and h are assumed to be much larger than the dimensions of the melt pool.

Figure 2.4: The 3-D geometry represented in the Rosenthal solution [63].
The Rosenthal solution assumes steady state conditions, a semi-infinite domain, and
constant and uniform material properties. The dimensionless form of the equation, given
by Vasinota et al. [64], computes the non-dimensional temperature due to the heat source:

𝑇̅ =

𝑒

−(𝑥̅ 0 +√𝑥̅ 0 2 +𝑦̅0 2 +𝑧̅0 2 )

(2.1)
2

2

2√𝑥̅0 + 𝑦̅0 + 𝑧̅0

2

Here, the dimensionless coordinates 𝑥̅0 , 𝑦̅0 , and 𝑧̅0 are defined as:
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𝑥̅ 0 =

𝑥0
,
2𝑘⁄
𝜌𝑐𝑣

𝑦̅0 =

𝑦0
,
2𝑘⁄
𝜌𝑐𝑣

and

𝑧̅0 =

𝑧0
2𝑘⁄
𝜌𝑐𝑣

(2.2)

The dimensionless temperature, 𝑇̅, can also be written as:
𝑇̅ =

𝑇 − 𝑇0
𝜌𝑐𝑣
𝛼𝑄
( ⁄𝜋𝑘) (
⁄2𝑘)

(2.3)

where T is the temperature of interest, T0 is the preheating temperature, α is the absorptivity
of the laser heat source, Q is the laser power, k is the thermal conductivity, ρ is the material
density, c is the specific heat, and v is the laser speed.
As discussed by Bontha et al. [63, 65], the solidification cooling rate and thermal
gradients can be found through differentiation of (2.1). The dimensionless cooling rate
𝜕𝑇̅⁄ is given by:
𝜕𝑡̅
−{(𝑥̅ −𝑡̅)+√(𝑥̅ −𝑡̅)2 +𝑦̅0 2 +𝑧̅0 2 }

𝜕𝑇̅ 1 𝑒
=
𝜕𝑡̅ 2 √(𝑥̅ − 𝑡̅)2 + 𝑦̅

0

× {1 +

2

+ 𝑧̅0 2

(2.4)

(𝑥̅ − 𝑡̅)
√(𝑥̅ − 𝑡)̅ 2 + 𝑦̅0 2 + 𝑧̅0 2

+

(𝑥̅ − 𝑡̅)
}
(𝑥̅ − 𝑡̅)2 + 𝑦̅0 2 + 𝑧̅0 2

̅
where 𝜕𝑇⁄𝜕𝑡̅ is related to the actual cooling rate 𝜕𝑇⁄𝜕𝑡 by:
𝜕𝑇̅
2𝑘 2 𝜋𝑘 𝜕𝑇
) (
)
=(
𝜕𝑡̅
𝜌𝑐𝑣
𝛼𝑄𝑣 𝜕𝑡

(2.5)

̅̅̅̅| is given by:
Likewise, the dimensionless thermal gradient |∇𝑇
2
2
2
𝜕𝑇̅
𝜕𝑇̅
𝜕𝑇̅
̅̅̅̅ | = √(
|∇𝑇
) +(
) +( )
𝜕𝑥̅0
𝜕𝑦̅0
𝜕𝑧̅0

̅
̅
̅
The derivatives 𝜕𝑇⁄𝜕𝑥̅ , 𝜕𝑇⁄𝜕𝑦̅ , and 𝜕𝑇⁄𝜕𝑧̅ are given by the following:
0
0
0
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(2.6)

−{𝑥̅ +√𝑥̅ 2 +𝑦̅ 2 +𝑧̅ 2 }

0
0
0
0
𝜕𝑇̅
1𝑒
𝑥̅0
𝑥̅ 0
=−
{1 +
+
2
2
2 },
𝜕𝑥̅0
2 √𝑥̅0 2 + 𝑦̅0 2 + 𝑧̅0 2
√𝑥̅0 2 + 𝑦̅0 2 + 𝑧̅0 2 (𝑥̅0 + 𝑦̅0 + 𝑧̅0 )

(2.7)

−{𝑥̅ +√𝑥̅ 2 +𝑦̅ 2 +𝑧̅ 2 }

0
0
0
0
𝜕𝑇̅
1 𝑦̅0 𝑒
1
=−
{1
+
},
𝜕𝑦̅0
2 (𝑥̅0 2 + 𝑦̅0 2 + 𝑧̅0 2 )
√𝑥̅0 2 + 𝑦̅0 2 + 𝑧̅0 2

(2.8)

and
−{𝑥̅ +√𝑥̅ 2 +𝑦̅ 2 +𝑧̅ 2 }

0
0
0
0
𝜕𝑇̅
1 𝑧̅0 𝑒
1
=−
{1 +
}.
2
2
2
𝜕𝑧̅0
2 (𝑥̅0 + 𝑦̅0 + 𝑧̅0 )
√𝑥̅0 2 + 𝑦̅0 2 + 𝑧̅0 2

(2.9)

The actual thermal gradient |∇𝑇| is related to the dimensionless thermal gradient by:
2𝑘 2 𝜋𝑘
̅̅̅̅
|∇𝑇| = (
) ( ) |∇𝑇|
𝜌𝑐𝑣
𝛼𝑄

(2.10)

2.3 Semi-Analytical Model
The semi-analytical approach utilizes a transient heat conduction solution that allows
for the computation of temperature data as a result of a circular ring heat source. This model
assumes a semi-infinite domain and neglects the effects of latent heat and heat loss due to
vaporization and convection. It also assumes constant and uniform specific heat, density,
and thermal diffusivity. This model utilizes a numerical integration method, which allows
the output to include the transient effects of the scan path. The semi-analytical solution
begins with the differential equation of heat conduction [66], which is given by:
𝜕 2 𝑇 𝜕 2 𝑇 𝜕 2 𝑇 1 𝜕𝑇
+
+
=
𝜕𝑥 2 𝜕𝑦 2 𝜕𝑧 2 𝑎 𝜕𝑡
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(2.11)

where T represents temperature, t represents time, and a represents the thermal diffusivity.
Additionally, the variables x, y, and z represent the location of the point of interest in the
coordinate system shown in Figure 2.5. Equation (2.11) has the solution:
𝑇=

𝑄
(𝑥 − 𝑥 ′ )2 + (𝑦 − 𝑦′)2 + (𝑧 − 𝑧 ′ )2
∙
exp
[
]
−4𝑎𝑡
8(𝜋𝑎𝑡)3/2

(2.12)

Figure 2.5: A representation of the geometry that is modeled in the semi-analytical
approach.
This solution can be applied to the heat conduction problem due to an instantaneous
circular ring heat source, which has a radius of r0. The source instantaneously applies heat,
Q, at any point M. This results in the following equation [67, 68, 69], which represents the
change in temperature as a result of the circular ring source that is applied for a differential
period of time:
𝜃𝑀 =

𝑄
1
𝑟0 2 + 𝑥 2 + 𝑦 2 + 𝑧 2
∙
∙
exp
(−
)
4𝑎𝜏
𝑐𝑝 𝜌(4𝜋𝑎𝜏)3/2 2𝜋
(2.13)
2𝜋

∙∫
0

𝑟0 √𝑥 2 + 𝑦 2
exp (
cos 𝛼) 𝑑𝛼
2𝛼𝜏
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where cp is the specific heat, ρ is the density, and τ represents the time after the heat source
is applied.
However, this equation can be rewritten by utilizing the modified Bessel function of
the first kind, order zero (I0). The equation for the change in temperature due to the circular
ring heat source then becomes:
𝜃𝑀 =

𝑄
𝑟0 2 + 𝑥 2 + 𝑦 2 + 𝑧 2
𝑟0
√𝑥 2 + 𝑦 2 )
∙
exp
(−
) ∙ 𝐼0 (
3/2
4𝑎𝜏
2𝑎𝜏
𝑐𝑝 𝜌(4𝜋𝑎𝜏)

(2.14)

This temperature rise equation can then be integrated and added to the initial temperature
to obtain the temperature data for an individual point of location (x, y, z):
𝑇(𝑥, 𝑦, 𝑧) = 𝑇0 +

𝑞
𝑐𝑝 𝜌(4𝜋𝑎)3/2
𝜏𝑖 =𝑡

∙∫
𝜏𝑖 =0

𝑟0 2 + 𝑥 2 + 𝑦 2 + 𝑧 2
𝑟0
√𝑥 2 + 𝑦 2 ) 𝑑𝜏𝑖
exp
(−
) ∙ 𝐼0 (
3/2
4𝑎𝜏
2𝑎𝜏
𝜏
1

(2.15)

where τi is an integration variable that represents time. This equation for the temperature
can be numerically integrated to obtain a transient solution for a heat source that is
dependent on time, which is necessary for capturing accurate data in the LPBF process
[42].
The cooling rate can then be determined by taking the partial derivative of Equation
(2.15) with respect to time. The thermal gradient |∇𝑇| is defined as follows:

|∇𝑇| = √𝐺𝑥 2 + 𝐺𝑦 2 + 𝐺𝑧 2

(2.16)

where Gx, Gy, and Gz represent the partial derivatives of Equation (2.15) in the x, y, and z
directions, respectively. These partial derivatives are defined as:
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𝐺𝑥 =

𝜏𝑖 =𝑡
𝑞
1
𝑟0 2 + 𝑥 2 + 𝑦 2 + 𝑧 2
∫
exp
(−
)
4𝑎𝜏
𝑐𝑝 𝜌(4𝜋𝑎)3/2 𝜏𝑖=0 𝜏 3/2

(2.17)
𝑟0 𝑥

𝑟0
𝑥
𝑟0
√𝑥 2 + 𝑦 2 ) −
√𝑥 2 + 𝑦 2 )] 𝑑𝜏𝑖 ,
∙[
∙ 𝐼1 (
∙ 𝐼0 (
2
2
2𝑎𝜏
2𝑎𝜏
2𝑎𝜏
2𝑎𝜏√𝑥 + 𝑦

𝐺𝑦 =

𝜏𝑖 =𝑡
𝑞
1
𝑟0 2 + 𝑥 2 + 𝑦 2 + 𝑧 2
∫
exp
(−
)
4𝑎𝜏
𝑐𝑝 𝜌(4𝜋𝑎)3/2 𝜏𝑖=0 𝜏 3/2

(2.18)
𝑟0 𝑦

𝑟0
𝑦
𝑟0
√𝑥 2 + 𝑦 2 ) −
√𝑥 2 + 𝑦 2 )] 𝑑𝜏𝑖 ,
∙[
∙ 𝐼1 (
∙ 𝐼0 (
2
2
2𝑎𝜏
2𝑎𝜏
2𝑎𝜏
2𝑎𝜏√𝑥 + 𝑦

and
𝜏𝑖 =𝑡
𝑞
1
𝑟0 2 + 𝑥 2 + 𝑦 2 + 𝑧 2
𝐺𝑧 =
∫
exp (−
)
4𝑎𝜏
𝑐𝑝 𝜌(4𝜋𝑎)3/2 𝜏𝑖 =0 𝜏 3/2

(2.19)

𝑧
𝑟0
√𝑥 2 + 𝑦 2 )] 𝑑𝜏𝑖
∙ [−
∙ 𝐼0 (
2𝑎𝜏
2𝑎𝜏
where I1 refers to the modified Bessel function of the first kind, order one.

2.4 Material
2.4.1 Alloy 718
Alloy 718 is a nickel-based superalloy that is commonly used in AM applications.
This use of this material is beneficial due to its strength retention at high temperatures,
along with its resistance to both oxidation and creep [70]. Because of its common use in
AM, some of the simulations in this thesis use the material properties for Alloy 718. The
values of these material constants, which are displayed in Table 2.1, are assumed to be
constant throughout the duration of the build process in each of the simulations.
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Property

Variable

Value

Units

Density
Specific heat
Thermal Conductivity
Melting Temperature

ρ
c
k
Tm

7451.0
600.0
26.6
1610.0

kg/m3
J/(kg·K)
W/(m·K)
K

Table 2.1: Material properties for Alloy 718 [42].

2.4.2 Ti-6Al-4V
Ti-6Al-4V is another material that is commonly used in AM applications. This
material’s wide use can be attributed to its low weight and high strength, which is
maintained at high temperatures [71, 72]. Because of its wide use in AM, some of the
modeling in this work uses the material properties for Ti-6Al-4V at its melting temperature.
In the models that use Ti-6Al-4V, the material properties are assumed to be constant
throughout the entire build. These properties of interest are outlined in Table 2.1.

Property

Variable

Value

Units

Density
Specific heat
Thermal Conductivity
Melting Temperature

ρ
c
k
Tm

4002.23
857.68
30.45
1654.0

kg/m3
J/(kg·K)
W/(m·K)
K

Table 2.2: Material properties for Ti-6Al-4V at the melting temperature [73].

2.4.3 Microstructure
Parts created with metal AM processes often exhibit columnar grains due to the
directional cooling and rapid solidification inherent to the process [74]. Columnar grains
are elongated and anisotropic, as shown in Figure 2.6a. Columnar microstructures are likely
to cause failure due to the long grain boundaries, which are susceptible to cracking. On the
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other hand, equiaxed grains, shown in Figure 2.6b, are nearly equal in all directions. This
type of grain structure is usually preferable because it less likely to cause failure in the part.

Figure 2.6: (a) Columnar and (b) equiaxed microstructures [75].

2.5 Solidification Maps
Solidification maps can be used to predict the solidification microstructure due to the
thermal conditions at the onset of solidification. In a solidification map, the thermal
gradient, which is denoted as G, is plotted on the y-axis. The solidification rate, R, is plotted
along the x-axis, which is defined as:
𝑅=

1 𝜕𝑇
𝐺 𝜕𝑡

(2.20)

The solidification map for Ti-6Al-4V, shown in Figure 2.7, is broken up into three
morphology regions: fully columnar, mixed, and fully equiaxed. These regions are
provided by Kobryn et al. [76] for Ti-6Al-4V in AM processes.
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Figure 2.7: Solidification map for Ti-6Al-4V [40].
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3 Single-Beam LPBF Studies
In this chapter, the semi-analytical approach is used to simulate the temperature
distributions and thermal conditions of the single-beam LPBF process with variations in
the processing parameters and geometry of the scan strategy. The temperature distributions
are then analyzed to discover the effects of the processing parameters, which can be related
to porosity caused by lack of fusion. Then, the resulting thermal conditions are plotted on
color maps in the spatial domain to show the patterns within these scans and the differences
that are caused by changing the geometry of the scan path.

3.1 Density Analysis
Parts made with LPBF often contain lack-of-fusion porosity, which occurs when a
portion of the material does not reach the melting temperature. This results in voids, which
are unwanted in many applications because they weaken the mechanical performance of
the part. The presence of lack-of-fusion porosity depends on the processing parameters
used to create the part. These processing parameters include a multitude of factors;
however, this chapter investigates the temperature distributions in the LPBF process due
to the speed and hatch spacing of the process. This is done through thermal simulations of
process using the semi-analytical model, which can then be used to predict the existence
and location of lack-of-fusion pores.
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3.1.1 Single Bead Analysis
The first set of simulations calculate the melt pool widths that are caused by a single
laser pass. The results, which are shown in Figure 3.1, show the predicted behavior of the
LPBF process due to a 5-mm pass of the laser beam. This simulation was completed three
times for a beam that moves from left to right at varying laser speeds. The power in these
simulations was kept at a constant 285 W, and the material constants corresponded to the
properties for Alloy 718. In these plots, a top-down view of the scan is shown, where the
black points indicate the spatial locations that reach the melting temperature of the material
and the red points indicate the locations that do not reach the melting temperature.

Figure 3.1: The results from the single bead semi-analytical simulation for Alloy 718.

These plots indicate that the width of the melt pool decreases as the speed of the laser
is increased. This is expected because a faster laser will have less time to conduct heat at
each individual point on the build plate. In LPBF, the melt pools in adjacent scan passes
must have an adequate amount of overlap so that the entire layer melts properly. As a result,
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the power, speed, and hatch spacing must be carefully selected to reduce lack-of-fusion
porosity.

3.1.2 Multiple Pass Analysis
The next density study compares the results from simulations with varying speeds
and hatch spacings. In these simulations, the laser starts at the top left and scans in the
striped pattern shown in Figure 3.2. Similar to the single bead experiments, all the multiple
pass simulations use a power of 285 W and the material properties of Alloy 718. The
results, which are shown in Figure 3.3, indicate that increases in both speed and hatch
spacing result in more locations that do not reach the melting temperature. These
simulations were run with a rather large time step of 1 ms in order to reduce the amount of
time necessary for completion. The accuracy of the simulation would increase if a smaller
time step were used; however, the general relationships between the processing parameters
and the density are expected to remain the same.

Figure 3.2: The striped scan strategy that is modeled in the multiple pass density
analysis.
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Figure 3.3: The results from the multiple-pass density simulation.

3.1.3 Porosity Analysis
Lack-of-fusion porosity occurs at locations that do not reach the melting temperature
of the material. Therefore, the red points in the above plots indicate the expected locations
of lack-of-fusion porosity because these points stay below the melting temperature
throughout the duration of the scan. By inspection of these plots, an increase in both the
speed and the hatch spacing will cause an increase of lack-of-fusion porosity in the build.
On the other hand, alterations in these parameters create the possibility to cause porosity
due to other physical aspects such as keyholing and balling, which are not captured in the
semi-analytical model. As a result, more research needs to be conducted to find an optimal
processing parameter region that minimizes the total number of pores in the final part.

3.2 Cooling Rate Analysis
The microstructure sizes of metal AM objects are dependent upon the cooling rate at
the onset of solidification. This is because the grains in the molten material continue to
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grow until the material cools to a solid state. As a result, faster cooling rates result in finer
grain sizes. The grain size is an important factor in determining the material properties,
which is essential information to have when designing the final product. This section
investigates the cooling rates in single-beam LPBF to determine patterns in the
microstructure size as a result of a change in the scan strategy. The first experiment in this
cooling rate analysis compares the results of a single laser pass simulation to the results of
a simulation that models multiple laser passes, which is useful in determining the transient
effects of the LPBF process.

3.2.1 Single Bead Results
The first results, which are shown in Figure 3.4, indicate the cooling rates at each
spatial location on the build platform. In the single bead simulation, the cooling rate
remains relatively constant throughout the whole path. However, the multiple pass
simulation shows that the cooling rate slows down around the edges as the number of
stripes increase. These slower cooling rates along the edges are due to the scan path; since
the laser turns around and immediately begins scanning the next pass, the beam spends a
lot of time on the edge. This causes more heat to be applied to the edges of the scan path,
which takes longer to cool.
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Figure 3.4: The results from the single bead versus multiple bead simulations.

3.2.2 Thick to Thin Geometry
The thick-to-thin geometry, as shown in Figure 3.5, is used to investigate the thermal
effects of changing the scanning pattern in the powder bed fusion AM process. This
geometry is composed of a 10 mm square section and a 10 mm by 2 mm rectangular
section, which are referred to as the “thick” and “thin” sections, respectively. Simulations
of these thick-to-thin samples can be used to provide information about the variations in
the thermal conditions as a result of changing the stripe length.
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Figure 3.5: A top-down view of the thick-to-thin geometry.
There are many possible scan patterns that can be used to create this geometry;
however, this research is concerned with comparing continuous scan strategies in the
vertical and horizontal directions, which are illustrated in Figure 3.6. In both scanning
methods, the hatch spacing is 60 μm and the scan speed is 750 mm/s.
The geometry of these thick-to-thin samples allows for some simplifications
regarding the necessary simulations. First, the thick and thin portions can be simulated as
two separate parts because they are scanned separately. This will save on computation time
because it allows the simulations to be constrained to smaller areas of interest. Therefore,
the separated simulations provide data for only the necessary points in that section.
Since the thick section is a square, both the vertical and horizontal scanning patterns
have stripe lengths of 10 mm. This means that simulations of these two scans are essentially
the same, but oriented differently. Additionally, the vertical scan of the thin section has a
10-mm stripe length as well. Therefore, it can be concluded that the simulation of the
vertically-scanned thin section will provide the same thermal results as a small portion of
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the thick section. As a result, only one simulation is needed to represent both orientations
of the thick section, as well as the vertically-scanned thin section. These areas that can be
represented by the same simulation are highlighted in Figure 3.6.

Figure 3.6: The vertical (a) and horizontal (b) scan patterns for the thick-to-thin
geometry. The portions that are highlighted can all be modeled by the same simulation.

The results shown in Figure 3.7 represent the cooling rates due to the stripe width
variations from the thick-to-thin simulations. In these simulations, the long stripe width
provides faster cooling rates than the short stripe width. This is because the short stripe
width retains more heat, which takes longer to cool. As a result, it is expected that the thick
section of the build will have a finer grain structure than the thin section, due to the cooling
rate differences caused by changing the stripe width.
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Figure 3.7: The results from the thick-to-thin simulations.

3.2.3 Microstructure Analysis
The thermal conditions at the onset of solidification are known to be a direct
contributor to the microstructure of the material. More specifically, it is known that faster
cooling rates result in finer grain structures and higher yield strengths. In order to validate
the conclusions drawn by the simulations, the model results were compared to scanning
electron microscope (SEM) images of the actual thick-to-thin builds provided by Walker
[70]. These images show that the thick portion of the geometry is composed of a finer grain
structure than the thin portion, which supports the results given by the simulations of the
same geometry.
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Figure 3.8: SEM images of the thick section (left) versus the thin section (right) [70].

3.3 Conclusions
The semi-analytical model was able to predict patterns in the temperature
distributions due to changes in the processing parameters. First, the temperature
distributions in a single laser pass were analyzed for varying laser speeds. These
simulations showed that an increase in speed resulted in less melted material due to the
amount of time the laser spends at each individual location on the build plate. Next, the
temperature distributions were investigated for multiple laser passes with varying speeds
and hatch spacings. The results of these simulations indicated that an increase in both speed
and hatch spacing results in less melted material, which means that lack-of-fusion porosity
is more likely.
Along with the temperature distributions, the patterns in the thermal conditions were
predicted from the semi-analytical simulations. First, the single beam experiment showed
that the cooling rate remains relatively constant for a single laser pass. However, the
multiple pass simulation exhibited more transient behavior, which causes differences in the
cooling rates throughout the scan path. In addition to this, the stripe width was varied to
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investigate the influence of the scan geometry on the thermal behavior. As expected, the
larger stripe width results in faster cooling rates, which causes a finer microstructure and
higher yield strength.
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4 Multi-Beam LPBF Studies
4.1 Analytical Modeling
4.1.1 Multi-Beam Rosenthal Solution Method
The coordinated multi-beam LPBF scan strategy modeled in this work is represented
in Figure 4.1. In this configuration, two laser heat sources travel in the positive x-direction
at speed V with absorbed laser power αQ. The system is modeled on the y0 = 0 plane to
obtain the solution that corresponds to the maximum melt pool depth. Here, the origin is
located at the location of the leading beam.

Figure 4.1: The coordinated multi-beam LPBF configuration that is modeled in this
work.
The heat sources are located at a specified distance apart, d, which is nondimensionalized with the following equation:
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𝑑̅ =

𝑑
(4.1)

2𝑘⁄
𝜌𝑐𝑉

In order to find the temperature distribution due to both heat sources, the
contributions of the second laser beam can be added to the single-beam Rosenthal solution
to obtain the following:

𝑇̅ =

𝑒

−(𝑥̅ 0 +√𝑥̅ 0 2 +𝑧̅0 2 )

2√𝑥̅0 2 + 𝑧̅0 2

+

𝑒

−((𝑥̅ 0 +𝑑̅)+√(𝑥̅ 0 +𝑑̅)2 +𝑧̅0 2 )

(4.2)
2

2√(𝑥̅0 + 𝑑̅) + 𝑧̅0 2

The boundary of the melt pool is calculated by setting Equation (4.2) equal to the
dimensionless melting temperature, 𝑇̅𝑚 , which can be found by:
𝑇̅𝑚 =

𝑇𝑚 − 𝑇0
𝜌𝑐𝑉⁄
𝛼𝑄
( ⁄𝜋𝑘) (
2𝑘 )

(4.3)

Similar to the single-beam Rosenthal solution, the solidification cooling rate and
thermal gradient are found through differentiation of Equation (4.2). The dimensionless
̅
cooling rate 𝜕𝑇⁄𝜕𝑡̅ can be calculated by the following:
−{(𝑥̅ −𝑡̅)+√(𝑥̅ −𝑡̅)2 +𝑧̅ 2 }

0
𝜕𝑇̅ 1 𝑒
=
𝜕𝑡̅ 2 √(𝑥̅ − 𝑡̅)2 + 𝑧̅0 2

× {1 +

(𝑥̅ − 𝑡̅)
√(𝑥̅ − 𝑡̅)2 + 𝑧̅0 2

+

(𝑥̅ − 𝑡̅)
}
(𝑥̅ − 𝑡̅)2 + 𝑧̅0 2
(4.4)

+

1𝑒
2

−{[(𝑥̅ +𝑑̅ )−𝑡̅ ]+√[(𝑥̅ +𝑑̅ )−𝑡̅ ]2 +𝑧̅0 2 }

× 1+
2
√[(𝑥̅ + 𝑑̅ ) − 𝑡̅] + 𝑧̅0 2

{

[(𝑥̅ + 𝑑̅ ) − 𝑡̅]
2
√[(𝑥̅ + 𝑑̅ ) − 𝑡̅] + 𝑧̅0 2

+

[(𝑥̅ + 𝑑̅ ) − 𝑡̅]
2

[(𝑥̅ + 𝑑̅ ) − 𝑡̅] + 𝑧̅0 2

}

̅̅̅̅| is found by taking the magnitude of the x,
The dimensionless thermal gradient |∇𝑇
̅
y, and z components; however, the quantity 𝜕𝑇⁄𝜕𝑦̅ is equal to zero on the y0 = 0 plane.
0
Therefore, the dimensionless thermal gradient on the maximum melt pool plane becomes:
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2
2
𝜕𝑇̅
𝜕𝑇̅
̅̅̅̅| = √(
|∇𝑇
) +( )
𝜕𝑥̅ 0
𝜕𝑧̅0

(4.5)

̅
̅
where the derivatives 𝜕𝑇⁄𝜕𝑥̅ and 𝜕𝑇⁄𝜕𝑧̅ are given by the following:
0

0

−{𝑥̅ +√𝑥̅ 2 +𝑧̅ 2 }

0
0
0
𝜕𝑇̅
1𝑒
𝑥̅0
𝑥̅0
=−
{1 +
+
2
2 }
𝜕𝑥̅0
2 √𝑥̅0 2 + 𝑧̅0 2
√𝑥̅0 2 + 𝑧̅0 2 (𝑥̅0 + 𝑧̅0 )

(4.6)
−

1𝑒
2

−{(𝑥̅ 0 +𝑑̅)+√(𝑥̅ 0 +𝑑̅)2 +𝑧̅0 2 }

1+
2
√(𝑥̅0 + 𝑑̅ ) + 𝑧̅0 2

{

(𝑥̅0 + 𝑑̅ )

+

2
√(𝑥̅0 + 𝑑̅ ) + 𝑧̅0 2

(𝑥̅0 + 𝑑̅ )
2

((𝑥̅ 0 + 𝑑̅ ) + 𝑧̅0 2 )

}

and
−{𝑥̅ +√𝑥̅ 2 +𝑧̅ 2 }

0
0
0
𝜕𝑇̅
1 𝑧̅0 𝑒
1
=−
{1
+
}
𝜕𝑧̅0
2 (𝑥̅0 2 + 𝑧̅0 2 )
√𝑥̅0 2 + 𝑧̅0 2

(4.7)
−{(𝑥̅ 0 +𝑑̅)+√(𝑥̅ 0 +𝑑̅)2 +𝑧̅0 2 }

−

1 𝑧̅0 𝑒
2
2
((𝑥̅0 + 𝑑̅ ) + 𝑧̅0 2 )

1+
{

1
2
√(𝑥̅ 0 + 𝑑̅ ) + 𝑧̅0 2

}

The dimensionless cooling rate and thermal gradient are related to their dimensioned
quantities through Equations (2.5) and (2.10).
It is important to note that the multi-beam Rosenthal solution approaches the singlebeam Rosenthal solution as d approaches infinity. Therefore, the simulations for multibeam LPBF with d = ∞ can be modeled with the single-beam Rosenthal solution.

4.1.2 Modeling Approach
The multi-beam Rosenthal solution was implemented into a series of pre-existing
single-beam Rosenthal solution MATLAB codes [77]. The multi-beam codes, which are
shown in Appendix A, are split into three separate MATLAB files: the root finding code,
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the function file, and the thermal conditions code. These codes are run multiple times with
constant power and speed, along with varying the distance between the laser heat sources.
This is done in order to find the influence of the distance on the melt pool geometry, thermal
conditions, and predicted microstructure.
The first two MATLAB codes in the series are used simultaneously in the modeling
process. The function file contains Equation (4.2) with the melting temperature as the
temperature of interest. The root finding code uses this function file, along with a userdefined initial guess, to find the 𝑥̅0 and 𝑧̅0 locations where the predicted nondimensional
temperature is equal to the nondimensional melting temperature. These 𝑥̅ 0 and 𝑧̅0 locations
are the nondimensional coordinate locations that represent the predicted boundary of the
melt pool. After the 𝑥̅0 and 𝑧̅0 values have been found, the data can be dimensioned and
plotted to have a visual representation of the melt pool geometry. Additionally, the
maximum melt pool lengths and depths can be found by dimensioning the appropriate 𝑥̅0
and 𝑧̅0 values with Equation (2.2).
The third MATLAB code in the series calculates the thermal conditions at the melt
pool boundary. This code uses the data that was calculated in the root finding code;
therefore, this code can only be executed after the root finding code has been run. The
thermal conditions code uses Equations (4.4) ‒ (4.7) to find the nondimensional cooling
rates and thermal gradients at the trailing edge of the melt pool. These values are then
dimensioned with Equations (2.5) and (2.6) to find the actual cooling rate and thermal
gradients. In this work, both the cooling rates and thermal gradients are plotted versus the
normalized melt pool depth to visualize the relationships between the thermal conditions
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and the distance between lasers. Additionally, the thermal conditions are used to predict
grain morphology through the use of solidification maps.
In order to verify the results of the multi-beam code, the multi-beam Rosenthal code
was compared to results given by the single-beam Rosenthal solution code. The results for
the multi-beam Rosenthal solution with distance d = 0 were the same as provided by the
single-beam Rosenthal solution with a doubled power source. Additionally, the multi-beam
results approach the single-beam results as the distance between lasers gets larger.
Therefore, the contribution of the second laser beam is concluded to be implemented
accurately into the Rosenthal solution code.

4.1.3 Melt Pool Geometry Results
The following results, shown in Figure 4.2, show the melt pool geometries on the xz plane for six different scan strategies. In these simulations, each of the lasers remains at
a constant power of 300 W with a constant speed of 750 mm/s. Additionally, the absorption
coefficient of the applied power is 0.35 for each of the simulations [43]. These simulations
represent multi-beam scan strategies with offset distances of 0 mm, 0.25 mm, 0.5 mm, 1
mm, 2 mm, and ∞. The Rosenthal model predicts a single melt pool for all simulations with
offset distances that are less than or equal to 1 mm; however, the simulation for 2 mm
shows two discrete melt pools.
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Figure 4.2: Melt pool geometries for multi-beam LPBF with small distances between
lasers, as predicted by the Rosenthal heat transfer model.
The maximum melt pool depths and lengths for the above simulations are
summarized in Table 4.1. Here, the melt pool lengths are measured from the front of the
leading melt pool to the end of the trailing melt pool. As expected, the single heat source
is predicted to result in the smallest melt pool for both the depth and the length. For multibeam LPBF, an increase in the distance between lasers causes a decrease in melt pool depth
and an increase in melt pool length. This is because spreading out the lasers results in a
longer melt pool that does not melt as far into the material.
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d = 0 mm

Maximum Melt
Pool Depth (μm)
108.5

Melt Pool Length
(μm)
741.6

d = 0.25 mm

103.9

882.1

d = 0.5 mm

96.8

1065.4

d = 1 mm

88.3

1494.4

d = 2 mm

81.5

2443.4

d=∞

75.3

383.1

Table 4.1: Rosenthal-predicted maximum melt pool depths and lengths for multi-beam
LPBF with variable distances between lasers.

4.1.4 Thermal Conditions and Microstructure Results
The following images show the resulting thermal conditions for the six simulations
as described above. For the following results, both the cooling rate and thermal gradient
were calculated at the boundary of the melt pool’s trailing edge because this is the location
at which the material starts to solidify. Figure 4.3 shows the cooling rates versus the
normalized melt pool depth. As shown on the plot, an increase in distance results in an
increase in the cooling rate, which also suggests a decrease in grain size. These results
make sense; spreading out the laser beams causes the inputted heat to become less
localized, thus increasing the rate at which the material cools down.

44

Figure 4.3: Solidification cooling rate vs. normalized melt pool depth for multi-beam
LPBF with variable distance between lasers.
Similarly, the thermal gradients were plotted against the normalized melt pool depth,
which is shown in Figure 4.4. Here, it is seen that the thermal gradient increases as the
lasers are spread farther apart, although the results are very similar for d = 0, 0.25 mm, and
0.5 mm. This implies that the distance between lasers does influence the thermal gradient;
however, this influence is negligible for small values of d.
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Figure 4.4: Thermal gradient vs. normalized melt pool depth for multi-beam LPBF with
variable distance between lasers.
The cooling rate and thermal gradient results are then used to create solidification
maps in order to predict grain morphology. The solidification map, shown in Figure 4.5,
plots the thermal gradient, G, versus the solidification rate, R. It can be observed that all
the distances modeled here result in mixed grains that transition to columnar grains as the
melt pool depth increases. This plot also shows that an increase in d causes the points to
shift slightly above and to the right. As a result, the distance between lasers has a slight
effect on the G-vs-R results, but all of the results fall within the same morphology regions.
Therefore, the distance between lasers is shown to have a negligible influence on the grain
morphology in this case.
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Figure 4.5: Solidification map for multi-beam LPBF with variable distance between
lasers.

4.2 Semi-Analytical Modeling
4.2.1 Multi-Beam Semi-Analytical Model
The coordinated multi-beam LPBF scan strategy that is modeled with the semianalytical solution is represented by Figure 4.6. In this configuration, two laser beams at a
specified offset distance apart travel in the positive x-direction a constant speed. This is
very similar to the scanning strategy that was modeled with the Rosenthal solution;
however, the coordinate system is located differently. Here, the origin is located at a
stationary position to the left of the laser beams.
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Figure 4.6: The scanning strategy that is modeled by the multi-beam semi-analytical
model.
The multi-beam semi-analytical solution, which uses the variables given in Table 4.2, is
given by:
𝑇(𝑥, 𝑦, 𝑧) = 𝑇0 +

𝜏𝑖 =𝑡
𝑞
1
𝑟0 2 + 𝑥 2 + 𝑦 2 + 𝑧 2
𝑟0
√𝑥 2 + 𝑦 2 )
∙∫
[ 3/2 exp (−
) ∙ 𝐼0 (
3/2
𝑐𝑝 𝜌(4𝜋𝑎)
𝜏
4𝑎𝜏
2𝑎𝜏
𝜏𝑖 =0

(4.8)

𝑟0 2 + (𝑥 + 𝑑)2 + 𝑦 2 + 𝑧 2
𝑟0
√(𝑥 + 𝑑)2 + 𝑦 2 )] 𝑑𝜏𝑖
+ 3/2 exp (−
) ∙ 𝐼0 (
𝜏
4𝑎𝜏
2𝑎𝜏
1

Variable
T(x, y, z)
T0
q
cp
ρ
a
τi
t
τ
r0
I0
d

Description
Temperature at point (x, y, z)
Initial temperature
Absorbed power
Specific heat
Material density
Thermal diffusivity
Integration time step
Time
Time available for conduction
Radius of heat source
Bessel function of the first kind, zero order
Distance between laser beams

Units
K
K
J/s
J/K
g/cm3
m2/s
s
s
s
m
none
m

Table 4.2: The variables that are used in the multi-beam semi-analytical approach.
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The absorbed power, q, is defined as:
𝑞 = 𝛼𝑃

(4.9)

where α represents the absorption coefficient and P is the applied laser power.
The multi-beam semi-analytical solution can be differentiated to obtain the cooling
rates and thermal gradients. The cooling rate is found through partial differentiation of
Equation (4.8) with respect to t. The thermal gradient is found through the following
equation:
𝜕𝑇 2
𝜕𝑇 2
𝜕𝑇 2
|∇𝑇| = √( ) + ( ) + ( )
𝜕𝑥
𝜕𝑦
𝜕𝑧

(4.10)

where the partial derivatives 𝜕𝑇⁄𝜕𝑥, 𝜕𝑇⁄𝜕𝑦, and 𝜕𝑇⁄𝜕𝑧 are given by:

𝜏𝑖 =𝑡
𝜕𝑇
𝑞
1
𝑟0 2 + 𝑥 2 + 𝑦 2 + 𝑧 2
𝑟0 𝑥
𝑟0
√𝑥 2 + 𝑦 2 )
=
∫
{
exp
(−
)∙[
∙ 𝐼1 (
3/2
3/2
𝜕𝑥 𝑐𝑝 𝜌(4𝜋𝑎)
4𝑎𝜏
2𝑎𝜏
2𝑎𝜏√𝑥 2 + 𝑦 2
𝜏𝑖 =0 𝜏

−

∙[

𝑥
𝑟0
1
𝑟0 2 + (𝑥 + 𝑑)2 + 𝑦 2 + 𝑧 2
√𝑥 2 + 𝑦 2 )] + 3/2 exp (−
∙ 𝐼0 (
)
2𝑎𝜏
2𝑎𝜏
𝜏
4𝑎𝜏

𝑟0 (𝑥 + 𝑑)
2𝑎𝜏√𝑥 2 + 𝑦 2

∙ 𝐼1 (

(4.11)

𝑟0
𝑥+𝑑
𝑟0
√(𝑥 + 𝑑)2 + 𝑦 2 ) −
√(𝑥 + 𝑑)2 + 𝑦 2 )]} 𝑑𝜏𝑖 ,
∙ 𝐼0 (
2𝑎𝜏
2𝑎𝜏
2𝑎𝜏

𝜏𝑖 =𝑡
𝜕𝑇
𝑞
1
𝑟0 2 + 𝑥 2 + 𝑦 2 + 𝑧 2
𝑟0 𝑦
𝑟0
√𝑥 2 + 𝑦 2 )
=
∫
{
exp
(−
)∙[
∙ 𝐼1 (
3/2
3/2
2
2
𝜕𝑦 𝑐𝑝 𝜌(4𝜋𝑎)
𝜏
4𝑎𝜏
2𝑎𝜏
2𝑎𝜏√𝑥
+
𝑦
𝜏𝑖 =0

−

∙[

𝑦
𝑟0
1
𝑟0 2 + (𝑥 + 𝑑)2 + 𝑦 2 + 𝑧 2
√𝑥 2 + 𝑦 2 )] + 3/2 exp (−
∙ 𝐼0 (
)
2𝑎𝜏
2𝑎𝜏
𝜏
4𝑎𝜏

𝑟0 𝑦
2𝑎𝜏√𝑥 2

+

𝑦2

∙ 𝐼1 (

𝑟0
𝑦
𝑟0
√(𝑥 + 𝑑)2 + 𝑦 2 ) −
√(𝑥 + 𝑑)2 + 𝑦 2 )]} 𝑑𝜏𝑖 ,
∙ 𝐼0 (
2𝑎𝜏
2𝑎𝜏
2𝑎𝜏

and
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(4.12)

𝜏𝑖 =𝑡
𝜕𝑇
𝑞
1
𝑟0 2 + 𝑥 2 + 𝑦 2 + 𝑧 2
𝑧
𝑟0
√𝑥 2 + 𝑦 2 )]
=
∫
{
exp
(−
) ∙ [−
∙𝐼 (
𝜕𝑧 𝑐𝑝 𝜌(4𝜋𝑎)3/2 𝜏𝑖 =0 𝜏 3/2
4𝑎𝜏
2𝑎𝜏 0 2𝑎𝜏

(4.13)

𝑟0 2 + (𝑥 + 𝑑)2 + 𝑦 2 + 𝑧 2
𝑧
𝑟0
√(𝑥 + 𝑑)2 + 𝑦 2 )]} 𝑑𝜏𝑖
+ 3/2 exp (−
) ∙ [−
∙𝐼 (
𝜏
4𝑎𝜏
2𝑎𝜏 0 2𝑎𝜏
1

Just like the Rosenthal solution, the multi-beam semi-analytical model approaches
the single-beam solution as d approaches infinity. Therefore, the simulations for multibeam LPBF with d = ∞ can be modeled with the single-beam semi-analytical solution.

4.2.2 Modeling Approach
This research project uses a series of computer codes to calculate and visualize the
thermal behavior of the LPBF process due to the scan strategy. The first code in this series
is a heat transfer code that was written in C++ programming language by Plotkowski et. al
[42], which has been modified to include the effects of two laser beams at a specified offset
distance in the x-direction. The code uses the multi-beam semi-analytical approach to
calculate the temperature data and thermal conditions at the onset of solidification. In order
to use this code, the user must input the beam path, material properties, beam properties,
and simulation parameters by creating text files that contain the required information. The
code then outputs a sequence of data files that correspond to each time step throughout the
scanning process. Each of these data files contains the (x, y, z) coordinates that are specified
in the inputted simulation parameters, along with the temperature information and thermal
conditions at each of these points. As a result, the outputted files contain the thermal data
at every time step for every point specified in the process.
The next two codes in this project use the data obtained from the semi-analytical
code to visualize the behavior of the LPBF process. Both of these programs were created
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in MATLAB to show the heat transfer patterns as the distance between laser beams
changes. The first code indicates the temperature of each point, along with the outline of
the predicted melt pool boundary. To visualize this, the code uses the previously-obtained
temperature data to plot a grid of points on the y = 0 plane. The color of these points
indicates the temperature of each point, which corresponds to the colors on a color bar.
Additionally, the code finds the boundary of the melt pool, which allows the user to read
the length and depth of the predicted melt pool region. This boundary is then plotted in
order to see the shape of the melt pool.
The second MATLAB code in this project deals with the thermal conditions at the
onset of solidification, which is a known factor in determining important details about the
microstructure of the final part. In this code, the cooling rate and thermal gradient
information is first obtained from the semi-analytical code. Then, the software creates plots
of both the cooling rates and thermal gradients versus the melt pool depth along the trailing
edge of the melt pool. Additionally, the thermal gradients and solidification rates are then
plotted against each other on a solidification map. The data provided by this code is
essential for determining the relationships between the microstructure and the distance
between laser beams in multi-beam LPBF.

4.2.2.1 Steady State Consideration
In multi-beam LPBF, the melt pool geometry and thermal conditions change over
time until a steady-state condition is reached. This is displayed in Figure 4.7, where the
side profiles of melt pools are shown at different time increments throughout the scanning
process. In order to obtain consistent results, it is important to ensure that the system has
reached its steady state when recording data. Therefore, the melt pool dimensions and
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thermal conditions in each of the simulations in this chapter were examined to ensure that
the system had reached a steady state before recording the results.

Figure 4.7: Multi-beam LPBF melt pools at different time increments.

4.2.2.2 Convergence Study
The accuracy of the simulation is heavily dependent on the time step and spatial
resolution that is used in the thermal modelling code. The time step, which is specified by
the user in the semi-analytical code, indicates the time intervals for which the code
calculates the thermal data. Therefore, the simulation results approach the true behavior of
the process as the time step decreases. However, a decrease in the time step causes both
the computation time and memory usage to increase because the simulation must then
calculate the thermal data at an increased number of time increments.
The spatial resolution of the simulation is also an important factor in the accuracy of
the model. This resolution, which is specified by the user, indicates the number of (x, y, z)
points that are represented in the domain. In this case, a higher number of points results in
a more accurate solution. However, this increase in resolution also results in an increase in
computation time and memory usage because the simulation must then calculate the
thermal data at an increased number of coordinate locations.
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The most accurate simulation uses a small time step and a large spatial resolution.
However, such a simulation would take a lot of time and storage to run. Therefore, the
optimal time step and spatial resolution must be determined when running these
simulations. To determine appropriate values for both the time step and spatial resolution,
two convergence studies were performed with varying time steps and spatial resolutions.
4.2.2.2.1 Time Step
In order to find an appropriate time step, the simulations for multi-beam LPBF with
d = 0 were completed three times with three different time steps: long, medium, and short.
Here, the long time step is 0.5 ms, the medium is 0.25 ms, and the short is 0.1 ms. In order
to compare these results, the melt pool length and depth, as well as the cooling rate and
thermal gradient are recorded in Table 4.3. Both the cooling rate and thermal gradient (CR0
and G0, respectively) are calculated at the trailing edge of the melt pool at z = 0. In these
simulations, the medium and short time steps produce the same solutions, while the
solutions provided by the long time step are slightly different. Therefore, the simulation is
shown to converge on the exact solution, with the medium time step providing sufficient
results.
Time Step
Long (0.5 ms)
Medium (0.25 ms)
Short (0.1 ms)

Melt Pool
Depth (μm)
127.8
128.1
128.1

Melt Pool
Length (μm)
738.9
731.2
731.2

CR0 (K/s)

G0 (K/cm)

1.49×106
1.49×106
1.49×106

2.54×104
2.74×104
2.74×104

Table 4.3: The convergence study results for the time step.
4.2.2.2.2 Spatial Resolution
Next, the simulations for multi-beam LPBF with d = 0 were completed three times
with three different spatial resolutions: coarse, medium, and fine. The coarse resolution is
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160 points per mm, the medium is 320 points per mm, and the fine is 640 points per mm.
In order to compare these results, the melt pool geometries and thermal conditions are
recorded in Table 4.2. In these simulations, the medium and fine resolutions produce the
same solutions, while the solution provided by the long time step is slightly different.
Therefore, the simulation is shown to converge on the exact solution, with the medium
resolution providing sufficient accuracy.

Resolution
Coarse (160
points/mm)
Medium (320
points/mm)
Fine (640
points/mm)

Melt Pool
Depth (μm)

Melt Pool
Length (μm)

CR0 (K/s)

G0 (K/cm)

125.0

737.5

1.49×106

2.57×104

128.1

731.2

1.49×106

2.74×104

128.1

731.2

1.49×106

2.74×104

Table 4.4: The convergence study results for the spatial resolution.

4.2.2.3 Remote Simulations
Because accurate simulations require a small time step and a large spatial resolution,
the computer modeling process requires a lot of time and computational power to complete.
This can be somewhat alleviated by using a computer with a large amount of processing
power. Therefore, many of the simulations that were run in this project utilized a remote
connection to the multiuser systems at Wright State University, which have 12 cores and
128 GB of RAM. The use of these systems drastically decreased the amount of time
required for the simulations. For example, a simulation that required 3 hours of run time
on a standard laptop was reduced to approximately 40 minutes of run time on the remote
system.
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4.2.3 Melt Pool Geometry Results
The following results, which are shown in Figure 4.8 through Figure 4.13, show the
side profiles of the melt pools for the same six scan strategies that were modeled with the
Rosenthal solution. These were obtained on the y = 0 plane to capture the values for the
maximum melt pool depth. In these simulations, all the lasers remain at a constant power
of 300 W with a constant speed of 750 mm/s and an absorption coefficient of 0.35. Here,
the semi-analytical model predicts a single melt pool for offset distances of 0 and 0.25 mm;
however, the remainder of the simulations predict two discrete melt pools.

Figure 4.8: Melt pool results for d = 0 as predicted by the semi-analytical model.

Figure 4.9: Melt pool results for d = 0.25 mm as predicted by the semi-analytical model.
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Figure 4.10: Melt pool results for d = 0.5 mm as predicted by the semi-analytical model.

Figure 4.11: Melt pool results for d = 1 mm as predicted by the semi-analytical model.

Figure 4.12: Melt pool results for d = 2 mm as predicted by the semi-analytical model.
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Figure 4.13: Melt pool results for d = ∞ as predicted by the semi-analytical model.

The maximum melt pool depths and lengths for the above simulations are
summarized in Table 4.5. Here, the semi-analytical solution shows that an increase in the
distance between lasers causes a decrease in melt pool depth and an increase in melt pool
length.

d = 0 mm

Maximum Melt
Pool Depth (μm)
128.1

Melt Pool Length
(μm)
731.2

d = 0.25 mm

121.9

878.1

d = 0.5 mm

115.6

1062.5

d = 1 mm

106.3

1490.6

d = 2 mm

100.0

2434.4

d=∞

93.8

378.1

Table 4.5: Melt pool geometries as predicted by the multi-beam semi-analytical model.

4.2.4 Thermal Conditions and Microstructure Results
The following images show the resulting thermal conditions for the six simulations
shown above. The cooling rates and thermal gradients here were calculated at the trailing
edge of the melt pool boundary. Figure 4.14 shows the cooling rates versus the normalized
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melt pool depth. As shown on the plot, an increase in distance results in an increase in the
cooling rate, which also suggests a decrease in grain size.

Figure 4.14: Cooling rate vs. normalized melt pool depth in multi-beam LPBF, as
predicted by the semi-analytical model.
Similarly, the thermal gradients were plotted against the normalized melt pool depth
in Figure 4.15. As shown on the plot, an increase in distance results in an increase in the
thermal gradient; however, this effect becomes less prominent as the offset distance
decreases.
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Figure 4.15: Thermal gradient vs. normalized melt pool depth in multi-beam LPBF, as
predicted by the semi-analytical model.
The semi-analytical cooling rates and thermal gradients can also be used to create
solidification maps to predict the grain morphology. The solidification map, which is
shown in Figure 4.16, plots the thermal gradient (G) versus the solidification rate (R) as
previously discussed. From looking at the plot, the distances modeled here are shown to
result in mixed grains that transition to columnar grains with increasing melt pool depth.
As a result, the distance between lasers has a negligible influence on the grain morphology.
Additionally, the plots show that an increase in d causes the points to shift slightly above
and to the right. This suggests that the distance between lasers has a slight effect on the Gvs-R results; however, the points remain in the same morphology regions regardless of the
distance.
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Figure 4.16: Solidification map for multi-beam LPBF, which was predicted using the
semi-analytical approach.

4.3 Additional Multi-Beam Scan Strategies
4.3.1 Independent Powers
4.3.1.1 Model Description
The next scan strategy under consideration, which is shown in Figure 4.17, utilizes
two laser heat sources at an offset distance in the x-direction. Here, two laser beams with
different powers, Pℓ and Pt, travel in the positive x-direction a constant speed.
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Figure 4.17: Multi-beam LPBF with independent laser powers.
The following equation, which has been derived from the multi-beam semi-analytical
solution, can be used to calculate the temperature at any (x, y, z) location due to two heat
sources at different laser powers:
𝑇(𝑥, 𝑦, 𝑧) = 𝑇0 +

+

𝜏𝑖 =𝑡
1
𝑞𝑡
𝑟0 2 + 𝑥 2 + 𝑦 2 + 𝑧 2
𝑟0
√𝑥 2 + 𝑦 2 )
∙∫
[ 3/2 exp (−
) ∙ 𝐼0 (
3/2
𝑐𝑝 𝜌(4𝜋𝑎)
𝜏
4𝑎𝜏
2𝑎𝜏
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𝜏 3/2
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+ (𝑥 + 𝑑)2 + 𝑦 2 + 𝑧 2
𝑟0
√(𝑥 + 𝑑)2 + 𝑦 2 )] 𝑑𝜏𝑖
) ∙ 𝐼0 (
4𝑎𝜏
2𝑎𝜏

where the applied power of the leading beam, qℓ, and the applied power of the trailing
beam, qt, are defined as:
𝑞ℓ = 𝛼𝑃ℓ

𝑞𝑡 = 𝛼𝑃𝑡

(4.15)

4.3.1.2 Melt Pool Results
4.3.1.2.1 Preheating
The following results in Figure 4.18 to Figure 4.21 correspond to simulations for
preheating multi-beam LPBF processes. That is, the leading laser beam applies less power
than the trailing laser beam. For each of these simulations, the power of the trailing laser
beam is 300 W and the power of the leading laser beam is varied. The absorption coefficient
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remains constant at 0.35 and the speed of each of the lasers is 750 mm/s. The offset distance
also remains constant at 0.25 mm. These were obtained on the y = 0 plane to capture the
values for the maximum melt pool depth.

Figure 4.18: Melt pool results for multi-beam LPBF with a preheating beam of 100 W.

Figure 4.19: Melt pool results for multi-beam LPBF with a preheating beam of 150 W.

Figure 4.20: Melt pool results for multi-beam LPBF with a preheating beam of 200 W.
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Figure 4.21 Melt pool results for multi-beam LPBF with a preheating beam of 250 W.
4.3.1.2.2 Post-heating
The next results, shown in Figure 4.22 to Figure 4.25, depict post-heating multi-beam
LPBF processes. Here, the trailing laser beam applies less power than the leading laser
beam. In these simulations, the power of the leading laser beam remains constant at 300 W
and the power of the trailing laser beam is varied. The absorption coefficient remains
constant at 0.35 and the speed of each of the lasers is 750 mm/s. The offset distance for
each of these cases is 0.25 mm, and the results were taken on the y = 0 plane to obtain
maximum melt pool dimensions.

Figure 4.22: Melt pool results for multi-beam LPBF with a post-heating beam of 100 W.
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Figure 4.23: Melt pool results for multi-beam LPBF with a post-heating beam of 150 W.

Figure 4.24: Melt pool results for multi-beam LPBF with a post-heating beam of 200 W.

Figure 4.25: Melt pool results for multi-beam LPBF with a post-heating beam of 250 W.
The maximum melt pool depths and lengths for the above simulations are
summarized in Table 4.6. As expected, both the melt pool length and depth increase as the
power increases, for both the preheating and post-heating scanning strategies. However,
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these dimensions are slightly larger in the preheating simulations than in the post-heating
simulations.
Preheating
Maximum Melt
Melt Pool
Pool Depth (μm) Length (μm)

Post-heating
Maximum Melt
Melt Pool
Pool Depth (μm) Length (μm)

P = 100 W

103.1

696.9

96.9

590.6

P = 150 W

109.4

737.5

103.1

668.8

P = 200 W

112.5

784.4

109.4

740.6

P = 250 W

118.8

831.3

115.6

815.6

Table 4.6: Melt pool dimensions for both preheating and post-heating multi-beam LPBF
scan strategies.

4.3.1.3 Thermal Conditions and Microstructure Results
The following images show the resulting thermal conditions for the eight simulations
shown above. The cooling rates and thermal gradients here were calculated at the trailing
edge of the melt pool boundary. Figure 4.26 shows the cooling rates versus the normalized
melt pool depth for both the preheating and post-heating simulations. As shown on the plot,
an increase in power results in a decrease in the cooling rate for both preheating and postheating. Additionally, the cooling rates for preheating processes are very close to the
cooling rates provided by the post-heating processes.
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Figure 4.26: Cooling rate vs. normalized melt pool depth for both preheating and postheating multi-beam scan strategies.
Next, the thermal gradients were plotted against the normalized melt pool depth, as
shown in Figure 4.27. As shown on the plot, an increase in power results in a decrease in
the thermal gradient, although the variations seen here are slight. Additionally, the thermal
gradients provided by the preheating processes are very close to the thermal gradients
produced by the post-heating scan strategies.
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Figure 4.27: Thermal gradient vs. normalized melt pool depth for both preheating and
post-heating multi-beam scan strategies.
The solidification maps for both preheating and post-heating are shown in Figure
4.28. These solidification maps show that all simulations modeled here result in mixed
grains that transition to columnar grains, which is true for both the preheating and postheating simulations. As a result, the variation of the individual laser powers provides a
negligible influence on the grain morphology. Here, an increase in power is shown to shift
the points slightly down and to the left, although these variations are not enough to make
any difference in the grain morphology.
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Figure 4.28: Solidification maps for both preheating and post-heating multi-beam LPBF.

4.3.2 Y-Direction Offset
4.3.2.1 Model Description
The next scan strategy, which is shown in Figure 4.29, utilizes two laser heat sources
at an offset distance in the y-direction. Here, two laser beams at power P travel in the
positive x-direction a constant speed of v.

Figure 4.29: Multi-beam LPBF with the laser offset in the y-direction.
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The following equation, which has also been derived from the multi-beam semianalytical solution, can be used to calculate the temperature at any (x, y, z) location due to
two heat sources at an offset distance in the y-direction:
𝑇(𝑥, 𝑦, 𝑧) = 𝑇0 +
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4.3.2.2 Melt Pool Results
The following results, which are shown in Figure 4.30 through Figure 4.33, show
both the side and front profiles of the melt pools for scan strategies with four varying offset
distances: 50 μm, 100 μm, 150 μm, and 200 μm. The side profiles were all obtained on the
y = 0 plane to capture the values for the maximum melt pool depth, and the front profiles
were obtained on the planes that correspond to the maximum melt pool depth. In these
simulations, the lasers remain at a constant power of 300 W with a constant speed of 750
mm/s and an absorption coefficient of 0.35.

Figure 4.30: Melt pool results for multi-beam LPBF with a y-direction offset distance of
50 μm.
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Figure 4.31: Melt pool results for multi-beam LPBF with a y-direction offset distance of
100 μm.

Figure 4.32: Melt pool results for multi-beam LPBF with a y-direction offset distance of
150 μm.

Figure 4.33: Melt pool results for multi-beam LPBF with a y-direction offset distance of
200 μm.
The maximum melt pool depths, lengths, and widths for the above simulations are
summarized in Table 4.7. Here, an increase in the offset distance causes a decrease in the
melt pool length, width, and depth.
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Maximum Melt
Pool Depth (μm)

Melt Pool
Length (μm)

Melt Pool
Width (μm)

d = 50 μm

121.9

712.8

215.6

d = 100 μm

106.3

625.0

231.3

d = 150 μm

96.9

509.4

287.5

d = 200 μm

93.8

421.9

343.8

Table 4.7: Melt pool dimensions for multi-beam LPBF with offsets in the y-direction.

4.3.2.3 Thermal Conditions and Microstructure Results
Figure 4.34 shows the cooling rates versus the normalized melt pool depth for the ydirection offset multi-beam scan strategies. Here, increasing the offset distance causes an
increase in the cooling rate.

Figure 4.34: Cooling rate vs. normalized melt pool depth for multi-beam LPBF with
offset distance in the y-direction.
Figure 4.35 shows the thermal gradient versus the normalized melt pool depth for the
simulations with the offset distance in the y-direction. Here, the thermal gradients are not
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shown to directly relate to the offset distance. In addition, the thermal gradient behaves
differently at the top of the melt pool versus the bottom of the melt pool.

Figure 4.35: Thermal gradient vs. normalized melt pool depth for multi-beam LPBF with
offset distance in the y-direction.
The solidification map for the y-direction simulations, shown in Figure 4.36, shows
that all of the distances modeled here result in mixed grains that transition to columnar
grains with increasing melt pool depth. Additionally, the plots show that an increase in d
causes the points to shift slightly above and to the right. This is similar to the conclusions
drawn from the simulations with the x-direction offset.
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Figure 4.36: Solidification map for multi-beam LPBF with offset distance in the ydirection.
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5 Summary and Conclusions
5.1 Summary
This work investigates the effects of multiple, coordinated heat sources in LPBF.
This was done through the use of computational modeling techniques, which were derived
from existing thermal models of the single-beam LPBF process. These computational
models were used to predict temperature distributions, melt pool dimensions, and thermal
conditions during the LPBF process. The results of these simulations were used to
determine the effects of various scanning strategies and processing parameters in both
single-beam and multi-beam LPBF, thus providing insight to the possibilities provided by
multi-beam LPBF processes.
In this thesis, the single-beam LPBF process has been studied to determine the effects
of scan strategy and processing parameters on both porosity and microstructure. This was
done through simulations that utilize the single-beam semi-analytical approach for
computing the temperature distributions and thermal conditions throughout the process. In
order to predict the effects of the processing parameters, both single-pass and multiple-pass
analyses were utilized, which helped predict the expected melt pool width and the
possibility of lack-of-fusion porosity. The influence of the scan geometry was then
investigated to determine its influence on the cooling rate and solidification microstructure
in the material.
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Additionally, the incorporation of a second, coordinated heat source in LPBF has
been examined to determine its effects on both melt pool geometry and thermal conditions.
This was done by investigating three types of scan strategies. The first scan strategy under
consideration utilized two identical laser heat sources with a constant offset distance in the
x-direction, which was modeled by both the Rosenthal and semi-analytical approaches to
determine the differences in these modeling approaches. The next scan strategy also used
an offset distance in the x-direction; however, the individual laser powers were varied here
to investigate the effects of preheating and post-heating techniques in multi-beam LPBF.
Finally, the last scan strategy under consideration utilized two identical heat sources with
an offset distance in the y-direction.

5.2 Comparison of Modeling Approaches
As compared to the results provided by the Rosenthal solution, the semi-analytical
model consistently predicted melt pools with slightly shorter lengths and larger depths, as
shown in Table 5.1. Although, the general trends between melt pool size and laser offset
distance remained the same for both approaches. One major difference between the two
models, however, was that the Rosenthal model predicted single melt pools for laser offset
distances of 0.5 mm and 1 mm, while the semi-analytical model predicted two discrete
melt pools for simulations with the same parameters. These differences are likely due to
the steady-state and the point heat source assumptions in the Rosenthal solution, whereas
the semi-analytical model includes transient effects and models the heat source as a circular
ring with a definable radius. However, despite these differences, both models predicted
very similar thermal conditions, with slightly slower semi-analytical cooling rates and
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nearly equal thermal gradients provided by both approaches. Additionally, when plotting
these thermal conditions on a solidification map, the results are very similar to one another.

d = 0 mm
d = 0.25 mm
d = 0.5 mm
d = 1 mm
d = 2 mm
d=∞

Rosenthal
Maximum
Melt Pool
Melt Pool
Length
Depth (μm)
(μm)
108.5
741.6
103.9
882.1
96.8
1065.4
88.3
1494.4
81.5
2443.4
75.3
383.1

Semi-Analytical
Maximum
Melt Pool
Melt Pool
Length
Depth (μm)
(μm)
128.1
731.2
121.9
878.1
115.6
1062.5
106.3
1490.6
100.0
2434.4
93.8
378.1

Table 5.1: Melt pool dimensions from both the Rosenthal and semi-analytical
approaches.

5.3 Conclusions
5.3.1 Single-Beam LPBF
In the single-beam LPBF analyses, the single-beam semi-analytical model predicted
patterns in the temperature distributions due to variations in both the scan strategy and the
processing parameters. First, simulations for a single laser pass showed that an increase in
laser speed causes a thinner melt pool width. The temperature distributions were then
investigated for multiple laser passes, which showed that an increase in both speed and
hatch spacing increases the likelihood of lack-of-fusion porosity.
The thermal conditions were then calculated for the single-beam semi-analytical
simulations. It was found that the cooling rate remains relatively constant for a single laser
pass. However, multiple laser passes caused more transient behavior that resulted in
variations in the cooling rates throughout the scan path. In addition to this, the stripe width
was varied to model the effects seen in the thick-to-thin geometry. As expected, the larger

76

stripe width seen in the thick section results in faster cooling rates, which causes a finer
microstructure and thus, an increased yield strength.

5.3.2 Multi-Beam LPBF
As shown by the multi-beam simulations with the x-direction offset, the addition of
a second heat source causes significant changes in the melt pool, which are highly
dependent on the distance between the laser beams. The addition of a second heat source
causes a longer melt pool with a deeper depth, which transitions to multiple, discrete melt
pools as the lasers are spread farther apart. The addition of a second heat source also causes
variations in the cooling rate; that is, the cooling rate decreases with the addition of the
second heat source, and it approaches the single-beam solution as the lasers spread farther
apart. The multi-beam LPBF process also affected the thermal gradients, although these
effects are negligible for small distances between lasers (<1 mm). However, the addition
of a second beam in the x-direction has been shown to provide a negligible influence in the
grain morphology because the results remain in the same morphology regions in the
solidification map.
The preheating and post-heating processes resulted in differences in melt pool
geometries, which is evident by looking at the shapes of the resulting melt pools. In general,
the preheating simulations provided slightly longer and deeper melt pools than the postheating simulations. Additionally, the thermal conditions seen in both preheating and postheating were very similar to one another; however, the thermal gradients shown in the postheating simulations were slightly lower than the thermal gradients due to preheating. When
plotted on a solidification map, these differences were not enough to alter the
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microstructure; however, a decrease in the thermal gradient provides the possibility of
reducing the residual stresses in the material.
The y-direction offset simulations also provided variations in the melt pool
dimensions. As the distance between the lasers was increased, the melt pool width
increased, while both the length and depth decreased. Additionally, an increase in the offset
distance caused an increase in cooling rate, which indicates that an increase in offset
distance causes a decrease in grain size. Along with this, the thermal gradient was found to
have no direct relationship to the offset distance in the y-direction. The exact reason for
this is unknown; therefore, more investigation will need to be done to determine the cause
of this. In addition, these results all predict the same morphology regions regardless of the
distance between the heat sources. As a result, the results of the y-direction offset show the
same general trends as the x-direction simulations.

5.4 Significance of Results
Due to the limited processing parameter ranges of single-beam LPBF, the potential
for improvements due to multi-beam LPBF was investigated. Overall, the addition of a
second laser beam results in variations in both melt pool shape and size. Additionally, the
multi-beam process results in generally slower cooling rates and decreased thermal
gradients. However, the grain morphology is not affected by this, as the results fall in the
same morphology regions for all simulations throughout the entirety of this research.
Consequently, the results of this work do not provide adequate evidence to conclude that
the addition of a second heat source improves the quality of the LPBF process.
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5.5 Future Work
The work here utilizes a modeling approach to explore the effects of multi-beam
LPBF on the solidification microstructure of the material. However, there are many other
aspects of LPBF that can be examined by studying the temperature distributions and
thermal conditions in LPBF, such as the resulting material properties, porosity, and residual
stresses seen in the final structure.
In addition, all of the simulations in this work utilize models with limiting
assumptions, such as the exclusion of latent heat and temperature-independent properties.
The benefit of this is that these simulations can be completed relatively quickly, which
allows multiple simulations to be completed for comparison against one another while still
maintaining a good degree of accuracy. Conversely, finite element models take a
significantly longer time to run but include many of the effects that are excluded in
analytical models. Consequently, the use of a numerical model would provide more
accurate information for the effects seen in multi-beam LPBF. In addition, experimental
testing should be completed to validate the results shown here.
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Appendix A: MATLAB Codes
A.1

Multi-Beam Rosenthal Root Finding Code

%% Description
% INPUT:
% Tmbar: Dimensionless Melting Temperature (scalar)
% x0bar: Guess as to the onset of solidification location [at
depth = 0] (scalar)
% a: Resolution --> Number of nodes or incremental depths (scalar)
% ND: Dimensionless depth of the melt pool [z_m_bar] (scalar)
% OUTPUT:
% x0bar: vector of dimensionless x-positions where solidification
begins
% y0bar: vector of corresponding dimensionless y-positions (all
y = 0)
% z0bar: vector of corresponding dimensionless z-positions
% NCR: vector of the dimensionless cooling rates at (x0bar, z0bar)
% z0: vector of the normalized melt pool depths
0<=(z0bar/z_m_bar)<=1
clc
clear all
%% Input Values
dist = 0;
P = 300;
v = 0.75
x0bar(1) = -30;
ND = -8;

%
%
%
%
%

Distance between heat sources [m]
Input laser power [W]
Laser Speeds [m/sec]
Initial guess for root finding
Initial guess for melt pool depth

%% Other values
ab = 0.35;
Q = ab*P;
Tm = 1654;
T0 = 100;
a = 100000;

%
%
%
%
%

Absorptivity
Absorbed Power
Melting Temperature [K]
Background Temperature [K]
Resolution

%% Material Properties
rho = 4002.22782; % Density [kg/m^3]
c = 857.6789;
% Specific Heat [J/(kg-K)]
k = 30.454;
% Thermal Conductivity [W/(m-K)]
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%%
% Dimensionless distance between heat sources
a_nd=dist*(rho*c*v)/(2*k);
% Value of Tmbar --> Dimensionless melting temperature
Tmbar = ((Tm - T0)/(((Q)/(pi*k))*((rho*c*v)/(2*k))));
%
%
d
D

Variance of Normalized melt pool length (0 < d <L)
--> Creates a vector of values spanning the depth of the melt pool
= linspace(0,ND,a);
= d'; % --> Changes d from a row vector to a column vector

% Initializations
m = 1; % Vector creation index
n = 1; % While loop iteration
while n<= a % As long as the counter is smaller than the number of
nodes
% Find the next (incremental) depth of the melt pool.
% Store this value in the m-th index of a vector called "z0bar"
z0bar(m)=D(m);
% Set y-position as zero (along centerline of meltpool).
% Melt pool and thermal properties are symmetric about x-z plane
% (where y = 0)
y0bar(m)=0;
%
%
%
%

For this melt pool depth
the x-position where the
the (normalized) melting
Store this x-position in

(z0bar) and y-position (y0bar), find
Rosenthal Temperature (T_bar) equals
temperature (Tmbar).
the m-th index of a vector called "x"

x(m) = fzero(@f3d_multi,x0bar(m),[],Tmbar,z0bar(m),a_nd);
% Replace the existing value of x0bar with the x-position found
% from the fzero function. (Update the "initial guess" for the
% next iteration)
x0bar(m+1) = x(m);
% Take the current (incremental) melt pool depth and divide it by
% the total melt pool depth.
% Store this value (normalized incremental melt pool depth) in the
% m-th index of a vector called "z0"
z0(m) = z0bar(m)/ND;

m = m+1;
n = n+1;
end
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A.2

Multi-Beam Rosenthal Function File

function value = f3d_multi(x0bar,Tmbar,z0bar,a_nd)
value = Tmbar-0.5*exp((x0bar+sqrt(x0bar^2+z0bar^2)))/(sqrt(x0bar^2+...
z0bar^2))-0.5*exp(-((a_nd+x0bar)+sqrt((a_nd+x0bar)^2+z0bar^2)))/...
(sqrt((a_nd+x0bar)^2+z0bar^2));

A.3

Thermal Conditions Code

%% Description
% INPUT:
% Inputs saved from Root Finding code
% OUTPUT:
% x0bar: vector of dimensionless x-positions where solidification
begins
% z0bar: vector of corresponding dimensionless z-positions
% NCR: vector of the dimensionless cooling rates at (x0bar, z0bar)
% CR: Vector of the dimensionalized cooling rates at (x0bar,z0bar)
% NTG: vector of the dimensionless thermal gradient at (x0bar,
z0bar)
% G: vector of the dimensionless thermal gradient at (x0bar,
z0bar)
%% PURPOSE:
% Calculate thermal conditions within the melt pool
clc
% Definition of constants
siz = size(z0bar);
n = siz(2);
% x0bar(2) from Root Finding code
tmpx0bar = x0bar(2);
tmpnd = z0bar(n-1);
clear x0bar z0bar y0bar x cterm1 bcterm1 bcterm2
clear A D NCR ND d m n t z0 CR
out = [];
Tmbar = ((Tm - T0)/(((Q)/(pi*k))*((rho*c*v)/(2*k))));
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% Initial guess for root finding found with Root Finding code
x0bar(1) = tmpx0bar;
% Resolution
A = 100000;
% Melt pool depth from Root Finding code
ND = tmpnd;
%
d
D
%
t
m
n

Variance of Normalized melt pool length (0 < d < L)
= linspace(0,ND,A);
= d';
Initializations
= 1;
= 1;
= 1;

while n <= A
z0bar(m) = D(m);
y0bar(m)=0;
x(m) = fzero(@f3d_multi,x0bar(m),[],Tmbar,z0bar(m),a_nd);
T(m)=exp(-(x(m)+sqrt(x(m)^2+y0bar(m)^2+z0bar(m)^2)))/(2*...
sqrt(x(m)^2+y0bar(m)^2+z0bar(m)^2))+exp(-((a_nd+x(m))+...
sqrt((a_nd+x(m))^2+y0bar(m)^2+z0bar(m)^2)))/(2*...
sqrt((a_nd+x(m))^2+y0bar(m)^2+z0bar(m)^2));
% Non-dimensional Cooling Rate
cterm1(m) =((exp(-(x(m)+sqrt(x(m)^2+y0bar(m)^2+z0bar(m)^2))))/...
(sqrt(x(m)^2+ y0bar(m)^2+ z0bar(m)^2)));
bcterm1(m) = (x(m)/sqrt(x(m)^2+y0bar(m)^2+z0bar(m)^2));
bcterm2(m) = (x(m)/(x(m)^2+y0bar(m)^2+z0bar(m)^2));
NCR1(m) = 0.5*cterm1(m)*(1+bcterm1(m)+bcterm2(m));
cterm1_2(m) = ((exp(-(a_nd+x(m)+sqrt((a_nd+x(m))^2+y0bar(m)^2+...
z0bar(m)^2))))/(sqrt((a_nd+x(m))^2+y0bar(m)^2+z0bar(m)^2)));
bcterm1_2(m) = ((a_nd+x(m))/sqrt((a_nd+x(m))^2+y0bar(m)^2+...
z0bar(m)^2));
bcterm2_2(m) = ((a_nd+x(m))/((a_nd+x(m))^2+y0bar(m)^2+...
z0bar(m)^2));
NCR2(m) = 0.5*cterm1_2(m)*(1+bcterm1_2(m)+bcterm2_2(m));
NCR(m) = NCR1(m)+NCR2(m);

% Dimensional Cooling Rate
CR(m) = (abs(NCR(m)))/(((2*k)/(rho*c*v))^2*((pi*k)/(Q*v)));
% Nondimensional thermal gradient
ThermX1(m)= 1/2*(-1-1/(x(m)^2+z0bar(m)^2)^(1/2)*x(m))*...
exp(-x(m)-(x(m)^2+z0bar(m)^2)^(1/2))/(x(m)^2+z0bar(m)^2)^...
(1/2)-1/2*exp(-x(m)-(x(m)^2+z0bar(m)^2)^(1/2))/(x(m)^2+...
z0bar(m)^2)^(3/2)*x(m);
ThermX2(m)= -(exp(-a_nd-x(m)-((a_nd+x(m))^2+z0bar(m)^2)^(1/2))*...
(2*a_nd+2*x(m)))/(4*((a_nd+x(m))^2+z0bar(m)^2)^(3/2))-(exp...
(-a_nd-x(m)-((a_nd+x(m))^2+z0bar(m)^2)^(1/2))*((2*a_nd+...
2*x(m))/(2*((a_nd+x(m))^2+z0bar(m)^2)^(1/2))+1))/(2*((a_nd+...
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x(m))^2+z0bar(m)^2)^(1/2));
ThermX(m) = ThermX1(m)+ThermX2(m);
ThermY(m)= 0;
ThermZ1(m)=-1/2/(x(m)^2+z0bar(m)^2)*z0bar(m)*exp(-x(m)-(x(m)^2+...
z0bar(m)^2)^(1/2))-1/2*exp(-x(m)-(x(m)^2+z0bar(m)^2)^ ...
(1/2))/(x(m)^2+z0bar(m)^2)^(3/2)*z0bar(m);
ThermZ2(m) = -(z0bar(m)*exp(-a_nd-x(m)-((a_nd+x(m))^2+z0bar(m) ...
^2)^(1/2))*(((a_nd+x(m))^2+z0bar(m)^2)^(1/2)+1))/(2*((a_nd+...
x(m))^2+z0bar(m)^2)^(3/2));
ThermZ(m) = ThermZ1(m)+ThermZ2(m);
% Non-dimensional Thermal Gradient Magnitude
NTG(m) = sqrt((ThermX(m))^2+(ThermZ(m))^2);
% Dimensional Thermal Gradient
Gradx(m)=ThermX(m)/(((2*k)/(rho*c*v))^2*((pi*k)/(Q))); % [K/m]
Gradz(m)=ThermZ(m)/(((2*k)/(rho*c*v))^2*((pi*k)/(Q))); % [K/m]
G(m)=(abs(NTG(m))/(((2*k)/(rho*c*v))^2*((pi*k)/(Q))))/100; %
[K/cm]
NR(m) = (abs(NCR(m))/abs(NTG(m)));
R(m)= CR(m)/G(m);
x0bar(m+1) = x(m);
m = m + 1;
n = n + 1;
end
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